Resonant photoemission involving dissociative core excited states has been the subject of a great number of experimental and theoretical investigations in recent time. The resonant decay of such dissociating systems has been shown to lead to semiatomic Auger electron emission spectra, with particular angular behavior. In the present paper a detailed theoretical analysis of dissociative resonant photoemission spectra of homonuclear diatomic molecules is presented. The theory addresses both fixed in space and randomly oriented homonuclear molecules and emphasizes the Doppler effect and the role of the interference between channels referring to the Doppler split atomic fragments. It is shown that peaks originating from decay in the atomic fragments can be asymmetric and structured due to the Doppler interference effect. The predicted strong non-Lorentzian behavior of the substructure on the top of the Doppler broadened atomiclike contribution is traced to the interplay between decay channels leading to gerade and ungerade final states. Simulations based on wave-packet theory are compared with experimental data for molecular oxygen. Our numerical simulations of the atomiclike resonance of fixed in space molecules show that the spectral profile is very sensitive to the shape of interatomic potentials of core excited and final states. It is shown that the Doppler effect in the decay spectra depends upon the symmetry of the core excited state.
I. INTRODUCTION
Channel-channel interference is a highly observable effect inherent in x-ray scattering spectroscopies of species possessing short-lived inner-shell hole states. When the lifetime broadening is of the same order of magnitude as the level splitting the decay channels referring to the different levels will interfere. The interference not only distorts the spectrum but can also modify the center of gravity of the vertical transitions shifting the apparent binding energies. Ever since the first prediction of lifetime vibrational interference in vibrationally resolved x-ray emission spectra ͓1͔, the interference effect has been analyzed and measured in many different circumstances ͓2-5͔.
These measurements are possible mainly as a consequence of modern synchrotron radiation sources providing high-resolution soft x-rays. Detailed studies of interference as manifested in resonant x-ray spectroscopies, such as x-ray resonant photoemission ͑RPE͒ and radiative x-ray Raman scattering spectroscopy, require tunable narrow-band radiation. For dissociative intermediate core excited states, resonant dissociative photoemission or fluorescence spectroscopies have revealed particularly interesting scattering spectra motivating theoretical interpretations such as interference. A large number of fundamental and applied studies have been presented in this field ͓3,5-12͔. An excellent example of the important exchange between theoretical work and experiment is the prediction and verification of atomic holes, which is a manifestation of interference between nuclear continua belonging to the molecular compound and the atomic fragment from resonant photoemission decay ͓13-15͔.
Quite recently it was predicted that RPE from dissociative core excited states can be strongly influenced by the electronic Doppler effect, and that the resonance related to a decay transition in a fragment of dissociation ͑atomiclike resonance͒ can be ''Doppler'' split ͓16͔. This effect was observed for oxygen ͓17,18͔ and recently also for ozone ͓19͔, HF ͓20͔, and SF 6 ͓21͔. The electronic Doppler effect can be observed also in molecular bands in the spectral region related to the transitions between parallel parts of the core excited and final state potentials ͓22͔. When the decay transitions appear between bound states, the center of gravity of the RPE profile can be Doppler shifted ͓23͔. The electronic Doppler effect makes the electron-ion coincidence spectrum of homonuclear molecules ͓24͔ asymmetrical. It was also predicted that the additional structure of so-called ''atomiclike'' peaks can be manifested as a substructure on the top of the broad Doppler peak ͓16,17,23͔, which refers to a new kind of interference effect, a Doppler interference effect. This substructure can in principle be sharper than both the lifetime broadening and the width of the spectral functions of the x-ray excitation ͑resonance ultranarrowing͒.
The examples mentioned above highlight some of the many possibilities to analyze new physical effects which are offered by current synchrotron-based spectroscopies in connection with resonant scattering channels for dissociative core excited states. In the present work we focus on the effect of Doppler interference, namely the role of the interference effect between the Doppler split homonuclear species, and analyze in detail the origin of the structures in the final-state spectrum.
Our analysis is focused on the spectral shape and broadening of the atomiclike resonances. The naive picture says that these resonances have a Lorentzian shape with the width equal to the lifetime broadening. First of all we confirm earlier findings ͓16͔ that the atomiclike resonance can be Doppler split ͑parallel geometry͒ or Doppler broadened ͑perpen-dicular geometry͒. We predict also an asymmetry and additional broadening of the atomiclike resonance caused by the finite lifetime of the core excited state in the sense that the decay events take place between slightly nonparallel potential curves because the nuclear wave packet has no time to reach the ''strict'' region of dissociation. We find that the shape of the atomiclike resonance of aligned molecules is related to the shape of interatomic potentials. This makes RPE spectroscopy of atomic transitions of fixed in space molecules very promising for studies of interatomic potentials, something that now is a realistic proposition owing to the developments of energy resolved ion-electron coincidence techniques ͓25͔. Simulations are carried out with the aid of wave-packet techniques applied to the GSϪO 1s* Ϫ2 g Ϫ1 /2 u Ϫ1 resonant photoemission transition in molecular oxygen in order to illustrate various aspects of the theoretical analysis. A comparison with a recently recorded RPE spectrum of O 2 is made and discussed.
II. TIME-INDEPENDENT DESCRIPTION OF RESONANT PHOTOEMISSION FROM HOMONUCLEAR DIATOMICS
The role of the Doppler effect and interchannel interference on the formation of the RPE profile can be clearly understood in the framework of the stationary formalism, as we briefly describe below.
The localized picture of scattering
We consider the situation when a molecule absorbs an x-ray photon of frequency followed by a Coulomb triggered decay to a set of final states which produces an Auger electron of energy E. When the incident x-ray beam is monochromatic the spectral features of the RPE process can be described by the double differential cross section:
where ⌫ f is the lifetime broadening of the final state f. In the localized picture resonant scattering of x-ray photons by homonuclear diatomic molecules goes through intermediate states with a core hole localized at one of the two atoms, n ϭ1, 2. These scattering channels are indistinguishable, and the scattering amplitude is therefore the sum of two contributions
Here e is the polarization vector of the x-ray photon, D c0 (n) is the dipole matrix element between core excited and ground electronic states, c0 ϭE c ϪE 0 is the resonant frequency of core excitation 0→c, and ⌫ is the inverse lifetime of the core excited state. The scattering amplitude is written in the Born-Oppenheimer approximation with ͉0͘, ͉c͘, and ͉⌿ f ͘ as nuclear wave functions of the ground, core excited, and final states, respectively. To be specific, we consider here the case of K excitation. Due to strong localization of the 1s n function, only a region near the nth atom with the coordinate R n is important for the decay amplitude Q f c (n) . The wave function of the fast Auger electron with the momentum k reads in this region
Here r n ϭrϪR n , Y lm (r n ) are the spherical functions, r ϭr/r. This gives us a phase factor in the Coulomb matrix element. Let us put the origin in the center of gravity of the molecule, where R 1 ϭϪR/2, R 2 ϭR/2, and
.
͑4͒
First of all, such phase factors in the electronic matrix elements result in phase factors in the partial scattering amplitudes ͓16͔
where R 0 is the equilibrium internuclear distance, and is the angle between the momentum k of an Auger electron and the molecular axis. Another important manifestation of the phase factors ͑4͒ is the electronic Doppler effect for the case of dissociative core excited states. When the scattering duration time ͓26͔ is large the nuclear wave packet can reach the region of dissociation, leading to decay events that take place in both the ''molecular'' and in the ''dissociative'' regions. These decay transitions form a broad ''molecular'' background and narrow atomiclike peaks ͓3͔. The corresponding scattering amplitude thus consists of molecular and atomic contributions.
where c f (ϱ)ϭU c (ϱ)ϪU f (ϱ), and q f c (ϱ) is the decay resonant frequency, and the decay matrix element, respectively; label ϱ specifies that the corresponding quantity is given for the dissociation region, Rϭϱ. Here we used the energy conservation law for the whole scattering process.
The free motion of the dissociating atoms leads to the electronic Doppler shift k"v which has opposite sign ͑ϩ and Ϫ͒ for atoms 1 and 2. The speed v, of a dissociating atom of a molecule is expressed via the kinetic energy release, ⌬⑀ ϭϩE 0 ϪU c (ϱ), in the dissociative intermediate state.
In the general case two scattering channels, nϭ1 and 2, ͓Eq. ͑6͔͒ interfere
͑7͒
This interference will be suppressed F f (1) *F f (2) Ϸ0 when the Auger electron is emitted along the molecular axis and kv տ⌫ since the scattering channels are distinguishable. The Doppler splitting is equal to zero when kЌR. In this case the scattering channels are indistinguishable and the interference reaches a maximum.
However, the additional mechanism of suppression of the interference exists. In the region of dissociation one cannot distinguish gerade and ungerade final states of equal energy. Due to this fact both gerade and ungerade partial cross sections contribute to the same atomic peak although the gerade and ungerade interference terms have opposite signs ͓16͔. It may seem that these terms would cancel each other, however, we show in Secs. IV and V that this cancellation is not complete due to different magnitudes of the gerade and ungerade interference terms ͑see also ͓16͔͒.
The discussion thus far only concerns aligned molecules in the sample. Molecules are randomly oriented in the gas phase and the RPE cross section has then to be averaged over the molecular orientations. We outline this averaging in Sec. III A. It is worth noting that even for randomly oriented molecules one can speak about certain molecular orientations due to the orientational selectivity of photoabsorption, which depends on the angle between the polarization vector and the transition dipole moment ͑2͒.
III. WAVE-PACKET DYNAMICS
It appears to be useful both from theoretical and computational points of view to switch to the time-dependent representation for the RPE cross section ͑1͒. This is accomplished with the aid of a half-Fourier transform of the scattering amplitude ͑2͒
The impossibility of distinguishing between scattering channels through equivalent atoms makes the autocorrelation function 0 () for a homonuclear molecule
qualitatively different from the case of a heteronuclear molecule ͓3,16͔. Indeed, besides the direct terms f (1) () and f (2) (), the autocorrelation function also includes an interference term f (12) (). The autocorrelation functions are given by overlaps of the wave packets
To find ⌿ f (n) (0) we have to solve the time-dependent Schrö-dinger equation for the wave packet c (t)ϭexp (ϪH c t)D͉0͘ propagating in the core excited potential with the initial condition c (0)ϭD͉0͘. The next step is the solution to the time-dependent Schrödinger equation for the wave packet ⌿ f (n) (t) propagating along the final state potential surface.
As it was pointed out above ͑see also Ref.
͓16͔͒ the opposite phases ͑4͒ of the partial scattering amplitudes ͑2͒ give the phase factor exp(k"R) in the interference term f (12) () ͓see also Eq. ͑7͔͒ and the opposite Doppler shifts of the atomic peaks related to the atoms 1 and 2.
In real experiments the incident radiation has finite spectral width. The cross section in this case is given by the convolution of the cross section for monochromatic excitation 0 (E,) with the spectral distribution ⌽ of incident radiation ͓3,13͔
Averaging over molecular orientations.
Orientational selectivity of photoexcitation
The RPE cross section for the randomly oriented sample must be ͓Eq. ͑11͔͒ averaged over all molecular orientations R ϭR/R. This procedure is equivalent to averaging over all directions of e and k with a fixed angle between e and k.
The dependence of the RPE cross section on the direction of molecule axis, R , originates from the photoabsorption amplitude D c0 ϭe"D c0 , the decay amplitude q f c ϭq f c (), and the phase factors exp͓Ϯ(kR/2)cos ͔. It is instructive to extract the photoabsorption factor from the RPE cross section
) for 1s→* photoabsorption transition (D ЌR), and (E,) ϭ͉e"R ͉ 2 Ј(E,;) for 1s→* photoexcitation. Finally, the orientational averaging of the cross section is reduced to the averaging only over angles between k and R ͑ E, ͒ϭ 1 4
For a fixed angle between R and k the angular distribution of core excited molecules depends both on and the angle between e and k ͑Fig. 1͒ ͑͒ϭ ͭ 1ϩcos 2 Ϫ͑3 cos 2 Ϫ1͒͑ê"k ͒ 2 , 1s→*, 2 cos 2 ϩ͑3 cos 2 Ϫ1͓͒͑ê"k ͒ 2 Ϫ1͔, 1s→*.
͑14͒
The orientational selectivity of photoexcitation, ͑͒, descends from the averaging of ͉e"D c0 ͉ 2 , according to the equation:
Clearly, this selectivity is qualitatively different for 1s →* and 1s→* excitations due to different orientations of and orbitals relative to the molecular axis.
Doppler splitting
The Doppler shift ͉k"v͉, which is hidden in Ј(E,;), takes a maximum value when ϭ0°and 180°. This means that an ideal condition for observation of the Doppler splitting occurs if ͑͒ is maximal for these angles. For the 1s →* channel it happens when k ʈ e, while for the 1s→* excitation when kЌe ͑Fig. 1͒. Another distinction of and excitations is the depth of the ͑͒ function for ϭ90°w hich defines the contrast of the Doppler splitting. Contrary to the channel, the suppression of the ͑͒ function for ϭ90°is not complete in the case of excitation ͑Fig. 1͒.
Doppler broadening
The Doppler splitting is absent when kЌe (k ʈ e) for ͑͒ channels since here (0°)ϭ(180°)ϭ0 ͑Fig. 1͒. The atomic peak experiences then only the Doppler broadening, but the interference becomes important for such experimental geometries.
IV. INTERFERENCE TERM
When kЌe the axes of the core excited molecules are oriented primarily perpendicularly to k. In this case the Doppler shift is small and the interference of the two scattering channels takes a maximum value. This interference yields the narrow structure ͑dip or peak͒ on the top of the atomiclike resonance ͓16͔. We intend here to gain more physical insight into the nature of this interference structure. The main physical reason for this structure is the interplay of the Doppler shift k"v, phase factor exp(ık"R), and orientational averaging.
A. Role of symmetry
The parity of states is important for the interference term ͓16͔. Let us analyze the parity sensitive factor in the scattering amplitude ͑2͒
for the studied participator process in molecular oxygen: 1s→*→͓*→1s;2 f →continuum͔,
In the molecular frame with R ʈ z we can write the following expansion of the molecular orbitals ͑MOs͒ over atomic orbitals:
The wave function of a fast Auger electron is given by Eq. ͑3͒.
This immediately results in
where the parameter f ,Ll is independent of the number of atoms n. To be specific let us assume that local frames for first and second atoms have the same orientation. The parity of MOs ͓c gl
respectively. We arrived at the important conclusion that gerade and ungerade final states have opposite signs of the interference contributions
It is also important to note that the decay amplitude depends on the internuclear distance, q f c (n) (R), contrary to the photoabsorption amplitude D c0 (n) which depends only on equilibrium distance, R 0 . Due to this fact the MO coefficients in Eq. ͑17͒ c f l (n) (R) and C uL (n) (R) depend on R, while C u1
ϭC u1 (n) (R 0 ). We will see now that the R dependence of MO coefficients is very important for the interference term since these coefficients show the contribution of atomic orbitals ͑AOs͒ of different parities to the molecular orbital. Now we are at the stage to write down the final expression for the partial interference contribution ͑9͒
Here the wave packets ⌿ f (n) () is given by the same formula as ⌿ f (n) () with f (n) ϭ1. As is well established now ͓27͔, the interchannel interference is strongly related to the parity selection rule for radiative x-ray Raman scattering. In the case of RPE we can speak about parity selection rules only when AOs of the same parity form MOs ͑it is the case of orbitals ͓28͔ or transitions in the dissociative region, Sec. V͒. The interference contributions for gerade and ungerade final states have the same absolute values only in the dissociative region:
/& in the dissociative region, where only p atomic orbitals contribute to MOs of the studied core excited and final states. This means that the interference contribution disappears if the dissociative contribution dominates in integrals ͑20͒ since in the region of dissociation
R→ϱ. ͑21͒
The interference term ͑20͒ is different from zero only in the molecular region ͓where ͉ u (1) ͉ 2 Ϫ͉ g (1) ͉ 2 0 is important in the matrix elements ͑20͔͒. Indeed in this region, the 2s atomic orbitals also contribute to *ϵ3 u and 2 f MOs and the MO coefficients C gL (n) (R) and C uL (n) (R) become different for 2 g and 2 u orbitals. Equation ͑20͒ shows that the sign of the interference contribution strongly depends on the sign of ͉ u,Ll
(1) ͉ 2 Ϫ͉ g,Ll (1) ͉ 2 . At first glance, Eq. ͑20͒ says that the total interference term disappears even in the molecular region if ͉ u,Ll
However, we will show in Sec. IV B that such a naive picture does not hold since ⌿ u (n) () ⌿ g (n) () due to different potentials of the ungerade and gerade final states.
We see, finally, that the interference contribution strongly depends on the relative contribution of molecular and dissociative regions to the integrals over nuclear separation, R, appearing in the matrix elements ͑20͒. Fortunately we can manipulate the molecular and dissociative contributions in these matrix elements by changing the duration time of the scattering process ͓3,26͔.
B. The role of the scattering duration time
It is notable that in real situations scattering in both molecular and dissociative regions form atomic peaks ͑see Sec. V͒, and that the role of the molecular region is important for the interference term. We investigated above the role of the R dependence of the electronic matrix elements f (n) on the interference term ͑20͒. Now we intend to study another physical mechanism which gives a nonzero value of the interference term. To distinguish this mechanism from the previous one, we will assume here that the electronic matrix elements are the same for both gerade and ungerade final states:
As was pointed out earlier ͓16͔ the interference term and the RPE fine structure related to this term strongly depend on the lifetime broadening of the core excited state ⌫. It is important to understand the dependence of the interference contribution on the duration of scattering ͓26͔
which is the function of ⌫ and detuning ⍀.
Role of lifetime broadening
We keep in mind that the scattering amplitude ͑2͒ is a projection of the wave packet ⌿ f (n) (0) ͑10͒ on the final state ⌿ f . In the dissociative region the wave functions of gerade and ungerade final states normalized to the momentum have free-particle asymptotes ( f ϭg,u)
with different phase shifts, ␦ g ␦ u , due to different final state potentials U g (R) U u (R). Clearly, the strict continuum wave function, ⌿ i , is normalized to the ␦ function of momentum due to the dominant role of the plane wave asymptote on the norm of ⌿ i . Now we can rewrite the contribution of the wave packet propagating in the ungerade final state to the total cross section as follows:
͑25͒
To provide some physical insight let us utilize simplified interatomic potentials for gerade and ungerade final states ͓29͔, see Fig. 2 . The continuum wave functions ⌿ g and ⌿ u spanning over the potential step ͑gerade state͒ and the poten- if the scattering duration is short and therefore only the molecular region contributes to the overlap ͑2͒. We then also expect that F g ϭF u when T→ϱ due to a major contribution of the dissociative region. However, our simulations show that this naive picture is valid only when we change T by changing only ⌫ with ⍀ϭconst.
Role of the detuning
We found that in the dissociative region the ratio ͉F g /F u ͉ is nearly independent of the detuning ⍀. The reason for this is the spatial distribution of the wave packet ͓26͔ ͓which is denoted in Ref. ͓26͔ as ⌿ T (ϱ)͔ that in the dissociative region behaves as
͑26͒
This equation shows that the spatial distribution of ⌿ f (0) does not depend on detuning ͓increasing ͉⍀͉ only decreases the amplitude of ⌿ f (0)͔. Due to this fact the overlap
is the same for f ϭg and f ϭu for different ⍀ and the same ⌫. The only role of the detuning is the suppression of both gerade and ungerade scattering channels by the same factor. Apparently, the role of the detuning becomes important when
V. COMPUTATIONAL
A. Dynamics and potential surfaces
We have imposed several simplifying assumptions in the simulations. First of all we neglect the R dependence of the electronic matrix element and we assume that they are the same for gerade and ungerade final states ͑22͒. This R dependence is, however, very important for the interference contribution within the molecular region. Indeed, according to Sec. IV A, the interference term strongly depends on the parities of atomic orbitals which form the corresponding MOs. Clearly, the MOs are formed by AOs of different parities. On the way from the dissociative to the molecular region the relative weights of different AOs change drastically. The main subject of this study, the atomic peak is, however, not very sensitive to these changes. In the calculation we also neglect the anisotropy of the decay electronic matrix elements q f c , for the case where ⌫ f ϭ0.01 eV for monochromatic excitation.
We study the following participator RPE process for molecular oxygen
The potential curves of the ground, core excited, and final states are shown in Fig. 3 . The ground and final
states of O 2 were computed with the aid of the DALTON code ͓30͔ with complete active space MCSCF wave functions with a large extended basis set: aug-cc-pVTZ. The details of the calculations can be obtained from the authors upon request. For the potential surface of the core excited ͉ 3 ⌺ Ϫ ͘ϭ͉1s Ϫ1 *( 2 ⌺ Ϫ )͘ state we have employed the extensive CI calculation data of Kosugi et al., which were produced in connection with their investigation of the NEXAFS spectrum of O 2 ͓31,32͔. It is appropriate to note that the 1s→* excitation leads to two states ͉1s Ϫ1 *( 2 ⌺ Ϫ )͘ and ͉1s Ϫ1 *( 4 ⌺ Ϫ )͘ related to the doublet, 2 ⌺ Ϫ , and quartet, 4 ⌺ Ϫ , ion cores, respectively. The gap between these states ͓31,32͔ is 2.5 eV. The potential curves were used in the wave-packet calculations employing the RAM ͓33͔ program developed by one of the authors.
We study here the lower doublet core excited state which is the only excited state in our experiment. According to the dissociation region, Rϭϱ, in agreement with the experimental photoelectron spectrum ͓34͔. Experiment shows only one peak corresponding to the doublet final state which indicates a propensity that the spin multiplicity remains unchanged during the nonradiative decay. The propensity is, however, dependent on the actual coupling order as well as on the size of the matrix elements.
B. Formation of spectrum of fixed in space molecule
Let us first analyze the RPE spectrum of fixed in space oxygen molecules ͑Fig. 4͒ with the molecular axis perpendicular and parallel to the direction of the Auger electron ejection and ⍀ϭ0. When RЌk the Doppler shift is equal to zero. The well-defined parities of the core excited and final states, Lϭlϭ1, in the region of dissociation result in strict selection rules. This is due to the nonparallel potential surfaces in the region of the decay transition. The ''gerade'' contribution to the atomic peak is almost suppressed ͓Fig. 4͑A͔͒. Such parity selection rules break down in the case of a parallel geometry ͓Fig. 4͑B͔͒ due to the opposite Doppler shifts of the left and right propagating atoms. One can see that both gerade and ungerade final states contribute to the Doppler split atomic peak in this case. The positions of the Doppler components for gerade and ungerade final states are different ͓see discussion of Eq. ͑29͔͒. It is worthwhile to note that such parity selection rules are absent in the general case for decay transitions in the molecular region where atomic orbitals with different parities ͑L, l͒ form the MOs. This is easy to see from the factor (Ϫ1) Lϩl in Eq. ͑20͒. We see that the spectral profiles ͓Fig. 4͑A͔͒ for gerade and ungerade atomic peaks are asymmetric and are broader than the lifetime broadening. For example, the full width at half maximum ͑FWHM͒ of the gerade atomic peak ͑Ϸ0.2 eV͒ is larger than the lifetime broadening 2⌫ϭ0.16 eV. The main reason for this is that during the scattering Tϭ1/⌫ the wave packet passes the distance
in the core excited state. As one can see from Fig. 3 this distance does not strictly reach the dissociative region, since the potential surfaces of final states and the core excited state are not parallel to each other. Moreover, gerade and ungerade final state are split, ⌬UϭU u (R)ϪU g (R), at the terminal point of the wave packet, RϭR 0 ϩ⌬R, which depends on the lifetime broadening according to Eq. ͑28͒. Figure 5 shows clearly that this splitting becomes smaller with increasing lifetime of the core excited state which agrees with Eq. ͑28͒. Indeed ⌬UϷ0.15, 0.08, 0.06 eV ͑29͒
for ⌫ϭ0.08, 0.04, 0.02 eV, respectively. One can assume that the splitting ⌬U also depends on the detuning ⍀ because ⌬RϷvT ͑28͒ depends on ⍀ through the scattering duration time ͑23͒. However, our simulations have shown very weak ⍀ dependence of ⌬U and the energy position of the atomic peak.
We know that within the dissociative region the decay conserves the released kinetic energy ⌬⑀ c ϭ⌬⑀ f . Since the potential surfaces are not parallel near the quasiatomic region ͑28͒, the decay transitions with ⌬⑀ c ⌬⑀ f also contribute to the atomic peak. This results in broadening and asymmetry. The splitting ͑29͒ yields additional broadening of the total cross section. Numerical simulations ͑Sec. V͒ confirm this strong sensitivity of the shape of the atomic peak to the potential surfaces of core excited and final states ͓13͔. 022509-7
C. Analysis of the averaged cross sections
In the gas phase we have to average the cross section over molecular orientations according to Eq. ͑13͒. Now the Doppler shift is not equal to zero, yielding a Doppler broadening of the atomic peak. Another important role of the orientational averaging is the interplay of the phase factor exp(kR 0 cos ) ͑6͒ and the Doppler shift, Ϯkv cos , in the interference term ͑7͒. This results in the narrow interference structure on top of the atomiclike peak with the width ͑FWHM͒ ͓16͔
for a released energy of ⌬⑀Ϸ7.5 eV and RϷ2.5 a.u. Here Dϭkv is the Doppler width. This is in agreement with the FWHM of the simulated profile ͑Ϸ0.06 eV͒ for a large core excited state lifetime broadening. ⌫ϭ0.02 eV ͑Fig. 5͒. When the lifetime broadening decreases, ⌫ϭ0.08 eV, the interference term becomes broader (FWHMϷ0.14 eV). The reason for this broadening is that the wave packet does not have time to reach the dissociative region for shorter lifetimes 1/⌫, where all potential curves are parallel ͓see discussion of Fig.  4͑A͔͒ . Thus the finite 1/⌫ violates Eq. ͑30͒ and gives the additional broadening of the interference term. Figure 5 shows this broadening clearly. We also see that the peak positions of the interference terms for gerade and ungerade final states are different ͓the spacing is approximately equal to 0.15 eV; the reason for this splitting was discussed above, see Eq. ͑29͔͒. The most important result of Fig. 5 is that the interference terms int g and int u for gerade and ungerade final states have opposite signs and the same absolute values for long-lived core excited states. This results in complete suppression of the interference contribution near the atomic peak, int ϭ int g ϩ int u ϭ0, if ⌫ϭ0 ͑see Sec. IV B͒. Due to this fact, the discussed above and here interference dip or peak on top of the atomic peak are absent for ⌫ϭ0.
The final atomic spectral profile of oxygen is shown in Fig. 6͑a͒ . As far as we consider the core excitation to the * molecular orbital we will deal with transition dipole moments oriented along the molecular axis. It means that if the vectors of Auger electron momentum and radiation polarization are parallel (k ʈ e), we will see a dip in the middle of the averaged contour of the cross section, because the center corresponds to a perpendicular orientation of the momentum and molecular axis. This results in the Doppler splitting (2 kVϷ0.8 eV). In agreement with experimental data ͓17,18͔ this splitting is absent for perpendicular geometry (kЌe). In this case the atomic peak is only Doppler broadened (FWHMϷ2 kVϷ0.8 eV). The comparison of the direct ͑dashed line͒ and total cross section ͑solid line͒ indicates that the narrow deep on the top of the Doppler broadened profile is caused only by the interference contribution. As it was discussed in Sec. IV A, the R dependence of the electronic matrix elements can change the sign of the interference contribution. To mimic such a case we calculated the RPE profile of oxygen with the opposite sign of the interference term ͓Fig. 6͑b͔͒. In this case the interchannel interference results in a narrow peak on the top of the Doppler broadened atomic peak. Figure 7 shows the RPE profile of oxygen over a broad spectral region. The high energy part of the spectrum shows the vibrational progression caused by the bound ungerade final state ͑continuum-bound transitions͒. The next peak is due to the continuum-continuum transitions in the molecular region. The last resonance is the atomic peak ͑also see the inset͒.
VI. EXPERIMENT
The spectra were recorded at the undulator beamline 27SU ͓35͔ at SPring-8, Himeji, Japan. This beamline is equipped with a high-resolution, varied line spacing, plane grating monochromator ͓36͔. The horizontal and vertical orientations of the e vector are chosen by using the first of the FIG. 6 . ͑A͒ Averaged total cross section for different experimental geometries ͑kʈe: dot-dashed line, and kЌe: solid line͒. The dashed line shows the total direct term for kЌe. ͑B͒ The same except for an opposite sign of the interference term. 0.5th undulator harmonic ͓37͔. The spectra were measured using a high-resolution electron spectrometer SES-2002 ͑Gammadata-Scienta͒ equipped with a gas cell. The electron lens axis is in the horizontal direction, at right angles to the photon beam direction ͓38͔. Electron spectra recorded with horizontal and vertical polarization correspond to the photoemission parallel and vertical to the e vector, respectively. The monochromator bandpass is ϳ80 meV full width at half maximum ͑FWHM͒, and the electron spectrometer bandpass is ϳ66 meV FWHM.
The Doppler effect in resonant photoemission was demonstrated for the first time in Ref. ͓17͔ for the structures shown here in Fig. 8 . In comparison with the spectra shown in that work, the present spectra have been thoroughly analyzed with respect to background contributions and with fittings that were applied on repeated recordings to isolate the Doppler structures. Figure 8 shows the measured peak corresponding to the decay after excitation with a photon energy of 539.4 eV. The dip on the profile is in qualitative agreement with the simulated profile shown in Fig. 6 .
VII. DISCUSSION
We have presented theory and accompanying ab initio wave-packet simulations of resonant photoemission of fixed in space and randomly oriented homonuclear diatomic molecules. Our theory clearly demonstrates the strict parity selection rules in the region of dissociation. These selection rules are related to interchannel interference. The spectral shapes of atomic peaks of fixed in space molecules are strongly asymmetrical in the common case when the potential surfaces of the core excited and final states are nonparallel. This asymmetry can be used for mapping of the potential surfaces. The profile of the atomic peak of fixed in space molecules differ qualitatively for parallel and perpendicular ejection of the Auger electron due to the electronic Doppler effect. We found that the energy position of the atomic peak of fixed in space molecules depends on the lifetime of the core excited state when the molecule has no time to reach the ''strict'' region of dissociation. This shift of the atomic peak is related to the deviation of the potential value at the ''point'' of the decay transition and at dissociation. The physical picture of the formation of the atomic peak becomes more complicated when the molecules are randomly oriented. In this case one can see an unusual interplay of the interchannel interference and the Doppler effect. In principle it should give rise to ultrafine structures-dips or peaks-on top of a Doppler broadened band profile measured at 90°w ith respect to the polarization vector of the incident radiation. The Doppler interference effect studied in the present work is, however, quite elusive due to a few aspects: The interference term which is responsible for this narrow structure is strictly equal to zero for an infinite lifetime of the core excited state, and the narrow structure appears on the top of the Doppler broadened atomic peak only for finite lifetime broadenings of the core excited state in which case the transitions in the molecular region also start to form an atomic peak. This decay in the molecular region evidently results in a broadening of the atomic peak, something that aggravates the establishment of the ultranarrow resonance, in principle narrower than both the lifetime broadening width and the width of the photon function.
Our measurement clearly indicates a distortion or antisymmetrization of atomic peaks, which we interpret as a manifestation of the predicted Doppler interference. FIG. 7 . Averaged total RPE cross section for kЌe. ⌫ϭ0.8 eV. ⍀ϭ0. The insert shows the atomic peak.
FIG. 8. Experimental spectra measured at 0°and 90°relative to the photon polarization vector. The photon energy was tuned to the maximum of the dissociative core excited state at 539.2 eV.
